chloro-1,2,4-triazolyl)]} in the grass-thatch layer, root zone, and underlying soil. They found that approxi- following its application to a green constructed to U.S.
colate, and found that most of the applied OP pesticides was retained in the thatch layer, where they degraded over time. Less than 1% of the applied OP pesticides T urfgrass provides a low-cost recreational and aeswas found in clippings, but nearly 8% of chlorpyrifos thetic surface (Beard and Green, 1994) . Due to the and 1.2% of fonofos [O-ethyl S-phenyl (RS)-ethylphoshigh quality demands of recreational and aesthetic use, phorodithioate] was removed in clippings when a granuturfgrass is one of the most intensively managed biotic lar formulation was used. Less than 0.1% of the OP systems. In particular, golf courses usually receive more pesticides was detected in the leachate. pesticides than turfgrass used for most other purposes Volatilization and mowing removal are associated (Kriner, 1985) . Research on partitioning and persistence with human exposure via inhalation and dermal contact. of pesticides in turfgrass is important for a better under- Murphy et al. (1996a) pointed out that volatilization standing of the potential impact of pesticide use on the was one of the major avenues of pesticide loss from environment and human health. treated areas. They found approximately 12% of the Sears and Chapman (1978) conducted research to applied pesticides volatilized. Cooper et al. (1990) found determine the persistence and movement of four insectithat the volatile loss of pendimethalin [N-(1-ethylcides {chlordane (1,2,4,5,6,7,8,8-octachloro-2,3,3a,4,7,7a- propyl)-2,6-dinitro-3,4-xylidine] during the first 48 h folhexahydro-4,7-methanoindene), diazinon [O,O-diethyl lowing application totaled 6.1%, with an estimated loss 0-2-isopropyl-6-methyl (pyrimidine-4-yl)], chlorpyrifos of about 13% during the 5-d period. Murphy et al. (O,O-diethyl O-3,5,6-trichloro-2-pyridylphosphorothio-(1996a,b) observed that about 8% of the applied triate), and CGA 12223 [O,O-diethyl O-(1-isopropyl-5- adimefon [1-(4-chlorophenoxy)-3,3-dimethyl-1-(1H-1,2, 4-triazol-1-yl) butanone], and 12% of the applied tri- 
MATERIALS AND METHODS
initial oven temperature was 50ЊC and then increased to 220ЊC
Field Plots, Soil, and Chemicals at 30ЊC min
Ϫ1
. The inlet and detector temperatures were 250 and 280ЊC, respectively. Chlorpyrifos was analyzed on the The site used for the field-plot study was located at the same system under similar conditions, except that the oven Turfgrass Research Facility of University of California in Rivtemperature was initially 100ЊC, and then ramped at 70ЊC erside. A detailed description of the field site and plots is min Ϫ1 to 200ЊC. The detection limit for trichlorfon was about given elsewhere (Wu et al., 2002) . In brief, the test site was 0.01 g kg Ϫ1 in soil, and that for chlorpyrifos was 0.002 g kg
. constructed in 1992 and replanted with washed sod of creeping
The mean and standard deviation (n ϭ 3) of the recovery Bentgrass (Agrostis palustris Huds.) in 1995. It consisted of rates for trichlofon were 96.1 and 10.9% in the thatch, 58.4 12 plots of 3.7 by 3.7 m, and each plot contained a fiveand 4.1% in the mat, and 72.2 and 3.5% in the soil, respectively. lysimeter assembly near the center of the plot. The lysimeter
The respective values (n ϭ 3) for chlorpyrifos were 94.5 and assembly (ෂ1.22 m 2 surface area) had a metal drainpipe at the 2.6% in the thatch, 88.5 and 1.1% in the mat, and 89.3 and bottom, which extended to the edge of the field to allow 3.2% in the soil. easy collection of leachate. The constructed putting green soil consisted of three layers: a 7-cm layer of gravel (about 10 mm in diam.), a 43-cm layer of pea gravel (about 5 mm in diam.)
Field Experiments
in the middle, and a 45-cm top layer of soil, which was a
The same treatment was repeated in 1996 and 1997 on Caltega IV green sand containing 10% (m 3 m Ϫ3 ) sphagnum different replicate plots at the field site. Trichlorfon was peat. The materials were manually packed into the lysimeters sprayed uniformly onto the grass canopy of each plot at 765 to ensure uniformity. The remainder of the plot was mechanimg m Ϫ2 (a.i.) and chlorpyrifos at 153 mg m Ϫ2 (a.i.) using a cally filled with the same gravel and soil mix.
backpack sprayer on 4 June 1996 and on 9 July 1997. Air, Before the field experiment, soil cores were randomly reclipping, soil, and leachate samples were collected from four moved from the field plots to determine soil properties and replicate plots in 1996 and three replicate plots in 1997. Other site-specific insecticide degradation rate constants. These application conditions were as suggested by the formulation cores were divided into the thatch (0-2 cm), mat (2-5 cm), labels. In both years the insecticides were sprayed in the early and soil (below 5 cm) layers, and then finely chopped (thatch) morning with minimal wind. It should be noted that both or passed through a 2-mm sieve (mat and soil) before use.
insecticides were applied on the same replicate plots within The organic carbon content (OC) was determined to be 6.6% each year. During the study, the plots were mowed four times for the thatch, 3.4% for the mat, and 0.3% for the soil layer.
per week at a 5-mm cutting height. Irrigation was applied The same materials also were used in the following incubation to prevent visual drought symptoms. The total amount of experiment for obtaining degradation rate constants of triirrigation water during the experimental period in 1996 was chlorfon and chlorpyrifos.
56 cm and in 1997 was 57 cm, which was approximately 1.5 Standards of trichlorfon (98%) and chlorpyrifos (99.2%) times of the potential evapotranspiration rate at the site for were purchased from Chem Service (West Chester, PA). Solthe period. The plots were fertilized at an annual N rate of vents used for residue extraction and analysis were all analyti-244 kg ha Ϫ1 using 15.0-2.2-6.6 (N-P-K) and 6.0-0.9-0 (Ncal grade. P-K) fertilizers. Volatilization Measurement. Immediately following insecti-
Laboratory Incubation Experiment
cide application, a flux chamber was placed on each of the treated plots to collect insecticide vapor in the atmosphere. A laboratory incubation experiment was conducted to deThe chambers were developed according to Gao et al. (1997) , termine degradation rate of trichlorfon and chlorpyrifos in and had a base of 40 by 40 cm with an internal volume of 12.8 the thatch, mat, and soil medium. Briefly, 30 g of a medium (dry wt.) in a beaker was spiked with 3 mL of acetone solution L. They found that the sampling efficiency of the chambers was comparable to other volatilization measurement devices. 15, 29, 59, and 91 d after treatment in 1996; and 0, 2, 7, and 15 d after treatment in 1997. Four cores were randomly taken The chamber body was made of sheet metal, and the outside was painted white to reflect heat. The chambers (one at each from each plot, in areas outside of the lysimeter assembly to avoid any disturbance inside the lysimeters. Soil cores were plot) were connected via a manifold to a vacuum source, which provided a constant airflow of 20 L min Ϫ1 for each chamber. divided into sections of 0 to 2, 2 to 10, 10 to 20, 20 to 32, and 32 to 47 cm deep, and samples from the same plot and depth Polyurethane foam plugs (PUF) were placed in the inlet and outlet of each chamber. The PUF plug in the inlet was used were pooled and mixed. Samples were stored in glass jars at 4ЊC until analysis. An aliquot of soil was removed for deto filter any insecticide vapor in the inlet air, while the PUF in the outlet was used to trap insecticide vapor emitting from termining water content, and a subsample of 30 g (oven-dry wt.) was extracted using a Soxhlet extraction device. The exthe measured area. The PUF samples were collected and replaced with unused plugs every 1 h on the first day, and every traction conditions were similar to those used for the PUF samples, except that the extraction time was 8 h. 6 to 8 h thereafter. The PUF samples in the outlet were stored in glass jars and kept in a freezer until analysis. Sampling for fluxes continued until 8 d after treatment, when the atmo-
RESULTS AND DISCUSSION
spheric concentration of insecticides became nondetectable using the sampling method. A Soxhlet device was used to Loss of trichlorfon and chlorpyrifos due to volatilizaextract the PUF samples, and the extraction duration was 8 h.
tion, clipping removal, leaching loss, and residues in
The extracting solvent was a mixture of hexane and acetone thatch, mat, and soil were monitored in 1996 and were the thatch, mat, and soil layers are given in Table 1. was added. The sample was blended for 2 min at high speed. The mixture was filtered through a Buchner funnel into a sample was poured into a 1-L separatory funnel, and was Degradation of trichlorfon in materials from all depths pressure due to higher adsorption of chlorpyrifos, however, was not able to account for the difference in vapor was very fast, with half-lives of only Ͻ8 d. In comparison, chlorpyrifos was much more persistent in the three laypressure of the two compounds. The net result is that chlorpyrifos has a higher volatilization loss. ers, with half-lives of 119.5, 247.6, and 266.6 d, respectively, for the soil, thatch, and mat layers.
Volatilization loss of trichlorfon in 1996 (0.01%) was slightly higher (P Ͻ 0.05) than in 1997 (0.008%), while Site-specific adsorption coefficients were estimated for trichlorfon and chlorpyrifos in different layers using volatilization loss of chlorpyrifos was not significantly different in the two years. The similar volatilization loss the measured organic carbon content and the K oc values given in a pesticide properties database (Wauchope et of the two insecticides in the 2 yr was attributed to the similar irrigation input and similar average air temperaal., 1992). From the estimated K d values (Table 1) , trichlorfon would be weakly adsorbed in the thatch, mat, ture during the sampling periods in 1996 (31ЊC) and in 1997 (32ЊC). Cumulatively, loss of insecticides from and soil layer. On the other hand, chlorpyrifos would be strongly adsorbed, especially in the thatch and mat volatilization was very small. The cumulative loss of trichlorfon was 0.01 and 0.008% of applied mass in 1996 layers. and 1997, respectively, whereas the total loss of chlorpyrifos was 2.05 and 2.71% of applied mass for the same Volatilization years. These values are smaller than those reported by Figure 1 shows volatilization fluxes (g m Ϫ2 d Ϫ1 ) of Murphy et al. (1996b) for triadimefon (ෂ8%), but are trichlorfon and chlorpyrifos for the 1996 study. Volatilcomparable to MCPP [2-(4-chloro-2-methyl phenoxy) ization occurred mainly during the first 3 d. The two
propionic acid] (ෂ1%). insecticides, however, showed substantial differences in volatilization fluxes. The highest volatilization flux for
Insecticides in Clippings
trichlorfon was 7 g m Ϫ2 d Ϫ1 , compared with 427 g Insecticide residues on grass were monitored for 45 m Ϫ2 d Ϫ1 for chlorpyrifos. In 1997, the highest volatilizad in 1996 and 16 d in 1997. The amount of insecticides tion flux for trichlorfon was 1 g m Ϫ2 d Ϫ1 , while for found in grass clippings was the greatest on the first day chlorpyrifos it was 134 g m Ϫ2 d Ϫ1 . These results are after application, at about 400 and 300 g m Ϫ2 d
Ϫ1
, consistent with the difference in Henry's constant for respectively, for trichlorfon and chlorpyrifos in 1996 trichlorfon (1.50 ϫ 10 Ϫ9 ) and chlorpyrifos (3.65 ϫ 10 Ϫ4 ). (Fig. 2) . The trichlorfon residue in grass clippings beWatanabe (1993) indicated that pesticide volatilization came nondetectable in about 3 d after its application, from soil surface was positively correlated to the vapor while chlorpyrifos became nondetectable in 5 d (Fig. 2) . pressure and Henry's law constant, and inversely correIn 1997, the chlorpyrifos dissipation rate (both in terms lated to water solubility and soil adsorption constant.
of the magnitude and persistence) in clippings was very When a pesticide is adsorbed, it will be less available similar to that of 1996. The dissipation rate of trichlorfor volatilization. Although trichlorfon has a smaller fon, on the other hand, was slightly different from that adsorption coefficient (0.28-0.66 m 3 Mg Ϫ1 ) than chlorof 1996: the first day clipping removal was not as high pyrifos (17.6-399.7 m 3 Mg Ϫ1 ), the reduction in vapor as in 1996, but it was more persistent than in 1996. Both insecticides showed slightly more persistence Caux et al. (1996) in potato (Solanum tuberosum L.) culture. This suggests that pesticide dissipation rate varin clippings in 1997 than in 1996, but the amount of cumulative clipping removal was very similar in both ies considerably with its environmental conditions such as crop, soil moisture, and soil temperature. years. For trichlorfon, the clipping removal was 0.06% of the applied mass in 1996, compared with 0.05% in
Insecticides in Leachate
1997. Cumulative clipping removal of chlorpyrifos was 0.27% in 1996, compared with 0.19% in 1997. There
The volume and concentration of leachate was moniwas no similar research to compare for the total amount tored for 72 d in 1996 and 80 d in 1997 after insecticide of clipping loss for the two insecticides in the literature.
application. Unlike the clipping and volatilization that However, the trend of the dissipation was similar to showed immediate insecticide detection on the first day, those observed by Cisar and Snyder (1996) .
insecticides did not appear in the leachate until 20 d after treatment for trichlorfon and 30 d after treatment
Distribution, Movement, and Dissipation
for chlorpyrifos (Fig. 4) . The slower breakthrough of in the Profile chlorpyrifos may be attributed to its stronger adsorption in soil. The highest amount of daily leaching of trichlorDownward movement of trichlorfon was faster than fon (71.3 g m Ϫ2 ) was much greater than chlorpyrifos chlorpyrifos, because the former has weaker adsorption (1.9 g m Ϫ2 ), which may be a result of their different to the soil than the later. Since the retardation factor water solubility and degradation rates (Table 1) . increases linearly with adsorption coefficient, a insectiIrrigation management can also affect pesticide leachcide with strong adsorption will move downward slowly.
ing. For a pesticide with a short half-life, the short-term Nevertheless, both applied insecticides resided mainly leaching reduction might be significant since most of in the top layers (0-2 cm thatch layer and 2-10 cm mat the applied pesticide will be degraded during the first layer) during the measurement period, as shown in Fig. few days. Using two different water application rates 3a and 3b. This implies that the two insecticides were (heavy and light) but the same amount of water, Starrett retained in the thatch and mat layers because these et al. (1996) found that leaching was significantly relayers had much higher organic matter contents and duced under light irrigation. Soil water regime can also consequently higher potential for adsorption. Adsorpaffect pesticide degradation rate. Awasthi and Prakash tion by the organic thatch layer was considered as the (1997) found that chlorpyrifos was degraded rapidly in main reason in preventing downward movement of inair-dried soils and slower in soils at field capacity and/ secticides into underlying soil (Niemczyck et al., 1977) .
or under submerged conditions. Our experiments, howIn a microecosystem experiment, Branham and Wehner ever, showed that irrigation management was fairly con- (1985) found that 96% of the applied diazinon resided sistent in both years. The average cumulative volume in the top 10 mm of the turf profile regardless of whether of leachate for the first 72 d was 329 L and 350 L per it was thatch or soil. Horst et al. (1996) also found that lysimeter assembly, in 1996 and 1997, respectively. The little chlorpyrifos moved through the thatch layer to the concentrations of the insecticides, on the other hand, underlying soil during a 113-d experiment.
were considerably lower in 1997 than in 1996, which is Insecticide degradation in soil profile is one of the consistent with the lower soil concentrations in 1997. major loss avenues. For an insecticide like chlorpyrifos
The cumulative residue in leachate only accountwith low mobility, dissipation occurred mainly in the ed for 0.05 and 0.01% of applied mass for trichlorfon thatch-mat layer (Fig. 3b) . It was noticed that there and chlorpyrifos, respectively, in 1996, and 0.0001 and was a big difference between field-measured dissipation 0.0006% of applied mass, respectively, in 1997. Considhalf-life and the laboratory-measured degradation halfering that the potential evapotranspiration rate at the life for chlorpyrifos (Table 1) . One of the main reasons experiment site was approximately 46 cm during the 72-d can be attributed to the temperature difference between experimental period, the leachate collected was equivathe field (approximately 37ЊC) and laboratory (approxilent to approximately 50% of irrigation. This suggests mately 20ЊC) conditions. Getzin (1981) found that chlorthere was excessive water applied to the green, which pyrifos degraded four times faster at 35ЊC than at 15ЊC.
can happen in the golf industry. However, even under The shorter half-life in the field than in the laboratory such heavy irrigation, the experimental data showed can also be caused by other dissipation mechanisms such that the applied insecticides in the putting green had as metabolism by the plant, volatilization, and photonegligible potential for contaminating ground water. decomposition under field conditions. Results from our experiment (Table 1) showed the consensus feature that SUMMARY the insecticides rapidly dissipated in the soil profile. Regression analysis indicated that the first-order dissiRunoff from the irrigated turf greens is usually a pation (including degradation, volatilization, leaching, minor cause for pesticide loss, thus this research focused plant metabolism, and photo-decomposition) model on volatilization and partitioning into grass, soil, and could fit the data well (R 2 Ͼ 0.95 in all cases). The leachate. The same treatment was repeated in 1996 and dissipation half-life for trichlorfon was 1.1 d in 1996 and 1997 to determine the partitioning, persistence, and loss 6.0 d in 1997. For chlorpyrifos, the dissipation half-life of two insecticides-trichlorfon and chlorpyrifos-in a was 8.7 d in 1996 and 6.4 d in 1997, which are much bentgrass putting green in southern California under customary field management practices. Insecticide loss shorter than approximately 1 to 2 mo, as reported by 
